Abstract Trojan and Shangani mines are low-grade (<0.8 % Ni), komatiite-hosted nickel sulfide deposits associated with ca. 2.7 Ga volcano-sedimentary sequences of the Zimbabwe craton. At both mines, nickel sulfide mineralization is present in strongly deformed serpentinite bodies that are enveloped by a complex network of highly sheared, silicified, and sulfide-bearing metasedimentary rocks. Strong, polyphase structural-metamorphic-metasomatic overprints in both the Trojan and Shangani deposits make it difficult to ascertain if sulfide mineralization was derived from orthomagmatic or hydrothermal processes, or by a combination of both. Multiple S, Fe, and Ni isotope analyses were applied to test these competing models. Massive ores at Shangani Mine show mass-dependent fractionation of sulfur isotopes consistent with a mantle sulfur source, whereas Sisotope systematics of net-textured ore and disseminated ore in talcose serpentinite indicates mixing of magmatic and sedimentary sulfur sources, potentially via post-magmatic hydrothermal processes. A restricted range of strongly mass-independent Δ 33 S values in ore samples from Trojan Mine likely reflects high-temperature assimilation of sulfur from supracrustal rocks and later superimposed lowtemperature hydrothermal remobilization. Iron isotope values for most Ni-bearing sulfides show a narrow range suggesting that, in contrast to sulfur, nearly all of iron was derived from an igneous source. Negative Ni isotope values also agree with derivation of Ni from ultramafic melt and a significant high-temperature fractionation of Ni isotopes. Fe isotope values of some samples from Shangani Mine are more fractionated than expected to occur in hightemperature magmatic systems, further suggesting that hydrothermal processes were involved in either low-grade ore formation (liberation of Ni from olivine by sulfur-bearing hydrothermal fluids) or remobilization of existing sulfides potentially inducing secondary Ni-sulfide mineralization.
1989; Hronsky and Schodde 2006) . Two main types of deposits have been recognized (Lesher 1989; Lesher and Keays 2002; Barnes 2006) . Type 1 deposits occur near or along the base of ultramafic volcanic sequences and hypabyssal sills and are considered to result from the separation of an immiscible sulfide liquid from an ultramafic magma (Lesher and Keays 2002; Naldrett 2004; Arndt et al. 2005) . Massive sulfides typically occur at the base of ultramafic bodies or within their footwall embayments. Massive ore is commonly overlain by net-textured (= matrix) ore with sulfides surrounding cumulate olivine and pyroxene. Matrix ore is in turn overlain by peridotite or dunite with disseminated sulfide (disseminated ore), which grades into unmineralized, locally spinifex-textured ultramafic rocks toward the stratigraphic top. Mineralization is regarded to have formed at the base of inflated lava flows representing feeder channels for large komatiite flow fields. Sulfides are concentrated at the base of the channels, characterized by cumulate-textured dunites that pass laterally into thin komatiite flow lobes with spinifex texture (Hill et al. 1995) . Type 2 deposits are low-grade disseminations in the central part of cumulate-textured, lenticular dunite bodies. While sulfides may have been precipitated simultaneously with olivine to form interstitial ores (Barnes 2006) , some of the Ni in finely disseminated sulfides may have been derived from subsolidus hydration processes under the influence of sulfur-bearing fluids (Eckstrand 1975; Grguric et al. 2006) .
Most komatiite-hosted nickel deposits are interpreted to have been derived from sulfide-undersaturated magmas (Keays 1995; Naldrett 2004; Arndt et al. 2005) . Sulfide saturation of the magma and the formation of an immiscible sulfide liquid trapping nickel, copper, and platinum-group elements are attributed to the addition of crust-derived sulfur. Sulfidebearing carbonaceous sedimentary rocks, including shale and chert, sulfidized iron formation, and base-metal barren massive sulfides are commonly intercalated with komatiite flows in mineralized ultramafic sequences (Bavinton 1981; Hopwood 1981) . The exact relation between nickel sulfide mineralization and the sedimentary horizons has not yet been conclusively resolved, but many authors have suggested that the sulfidic sediments provided the sulfur for the ultramafic magmas to reach sulfide saturation (Lesher 1989; Naldrett 1989; Lesher and Burnham 2001; Bekker et al. 2009 ). The most commonly inferred model for sulfur contamination of type 1 deposits is by thermal erosion and assimilation or devolatilization of the sulfidic sediments beneath ultramafic lava channels (Huppert et al. 1984; Groves et al. 1986; Naldrett 2004; Barnes 2006; Williams et al. 2011) . In contrast, some authors argued that thermal erosion of the substrate by ultramafic lava flows is unlikely to occur (Rice and Moore 2001; Cas and Beresford 2001) . In addition, sulfide-hosting troughs and embayments have been regarded as structural rather than primary footwall features (Cowden 1988; Cowden and Roberts 1990; Stone and Archibald 2004) .
A further problem in unraveling the origin of komatiitehosted nickel deposits is their presence in greenstone belts that experienced multiple episodes of deformation and metamorphism, generally interpreted to have affected already existing mineralization. However, many deposits consist of tabular or elongate ore bodies that are parallel to regional, penetrative linear fabrics, including fold axes, and mineral lineations, which formed during the peak of a dynamic regional metamorphic event at upper greenschist to upper amphibolite facies (e.g., Viljoen et al. 1976; Barrett et al. 1977; Gresham and Loftus-Hills 1981; Lesher 1989; Stone and Archibald 2004) . It is unlikely that in all these cases, deformation was focused along pre-existing primary magmatic linear trends. The co-linearity of ore bodies with regional structural trends (cf. Gresham and Loftus-Hills 1981; Naldrett 1981 ) strongly suggests considerable ore redistribution and, possibly, ore generation in response to dynamic metamorphic and metasomatic processes.
In Zimbabwe (Fig. 1 ), general aspects of the stratigraphy, ore composition, and geochemistry of nickel sulfide deposits are known (e.g., Shangani Mine, Viljoen et al. 1976; Trojan Mine, Chimimba and Ncube 1986; Epoch Mine, Baglow 1986 ; Hunters Road Deposit, Moubray et al. 1979 , Prendergast 2001 Damba Deposit, Williams 1979 , Killick 1986 ), but a detailed description and interpretation of structures and metamorphic textures formed by regional deformation events is mostly lacking. As a result, all deposits have been interpreted as orthomagmatic (Prendergast 2003) , i.e., the Ni-bearing sulfides crystallized from a melt and did not form during sub-solidus processes. However, every nickel deposit in Zimbabwean greenstone belts is centered on structural discontinuities, such as faults or fold hinges, and an evaluation of the structural and metamorphic imprints on these deposits must be made to fully appreciate what role deformation and metamorphism may have played in affecting these low-grade deposits. Furthermore, it has been shown that many of the sulfidic sedimentary horizons that are associated with mineralized ultramafic volcanics have been intensely sheared (Hofmann et al. 2003) , possibly resulting in the redistribution of primary sedimentary to diagenetic sulfides and potentially inducing secondary sulfide mineralization. The spatial association of sulfidebearing high-strain zones with nickel sulfide mineralization in komatiites may thus point to a secondary, hydrothermal origin or redistribution/enrichment of at least some of the Ni mineralization. Cases of this type of mineralization are known to exist elsewhere (type 4, Barnes 2006) .
In this paper, we present field and petrographic observations from the Trojan and Shangani Ni mines in Zimbabwe in combination with trace element geochemistry and multiple sulfur, nickel, and iron isotope data. We critically evaluate mineralization style and test if multiple S, Ni, and Fe isotope data can provide constraints on the relative importance of orthomagmatic vs. hydrothermal processes in the generation of komatiite-hosted Ni sulfide mineralization. The study is focused on Trojan Mine, but multiple S, Ni, and Fe isotope data are also presented for the Shangani Mine nickel deposit.
Geology of the Shangani Mine and Ni sulfide mineralization
Shangani Mine (Fig. 1) is situated in the Shangani Mineralized Complex of the Shangani greenstone belt (Harrison 1969) and is associated with the Shangani Layered Ultramafic Complex that intruded into greenstone units assigned to the Lower Bulawayan Group ( Fig. 2 ; Wilson et al. 1995) . It is a lowgrade type 2 deposit with some occurrences of type 1 massive sulfides. Production at the mine in 2002 was 0.93 Mt/year of ore at an average grade of 0.48 % nickel (C. Makuni, personal communication, 2003) . The Shangani Mineralized Complex is intrusive into the Esmyangene Formation, a succession of felsic tuffaceous sedimentary rocks and agglomerates that is capped by sulfidic carbonaceous shale (Viljoen et al. 1976; Viljoen and Bernasconi 1979) . It consists of two lobes on both sides of a central stem (Fig. 2b) resulting in a mushroom-shaped body in cross section that was interpreted by Viljoen et al. (1976) as a lopolith. Dirks and Sithole (1996) reported a more complex geometry resulting from deformation (Fig. 2c) . Their mapping has shown that the ultramafic lobes occur as folded lensoidal bodies within a complex network of highly sheared sedimentary rocks that include carbonaceous and sulfidic cherts, and carbonaceous shale with mylonitic texture. Prendergast (2003) argued for an extrusive origin for the Shangani Mineralized Complex, possibly related to the observation of apparent spinifex texture in a pyroxenite-gabbro layer, features not considered by Viljoen et al. (1976) to represent a true quench texture.
The east and west lobes of the Shangani Mineralized Complex correspond to the Main and Far West ore bodies, respectively. The massive sulfide bodies, which are much better developed in the eastern lobe, generally occur at the assumed stratigraphic base of both lobes, consistent with a magmatic control of mineralization (Viljoen et al. 1976) . In contrast, Dirks and Sithole (1996) ) noted a structural control over the ore bodies since they are highly linear and are parallel to a mineral lineation developed in sheared sedimentary rocks as well as fold axes of several generations of colinear folds.
Sedimentary rocks of the Esmyangene Formation constitute the footwall to the Main and Far West ore bodies and consist of siliceous felsic tuff locally interleaved with carbonaceous shale with abundant pyrite and pyrrhotite. Lenses of layered siliceous tuff and carbonaceous shale occur both along the footwall and hanging wall contacts and within the ultramafic rocks along shear zones (Fig. 2c) . Sulfide mineralization is developed within the tuff, especially where it underlies Ni sulfide mineralization in ultramafic rocks. Sulfide grains in tuff display an orientation parallel to the compositional layering.
The mineralized complex consists of massive green and talcose serpentinites and carbonated talc schist. These rocks Fig. 1 Geological map of the Zimbabwe craton showing major nickel deposits are enveloped and interleaved with black shale, chloritic siliceous tuff, and chlorite-actinolite schist. Massive green serpentinite occurs throughout the mineralized complex and commonly contains disseminated pyrrhotite and pentlandite, which occur as blebs and trails along the margins of serpentinite patches resembling cumulate textures. The sulfides are intergrown with serpentine and subhedral grains of magnetite. Much of the sulfide is, however, within carbonate-filled fractures, which also contain abundant magnetite. Talcose serpentinite is more abundant in the eastern lobe of the complex and occurs along shear zones dissecting the massive green serpentinite. Mineralization occurs as either disseminated sulfide or several centimeter-wide massive sulfide veins. Coarse-grained, carbonated talc schists are associated with the talcose serpentinite and form the most common rock type within the eastern lobe and the stem of the Shangani Mineralized Complex. Disseminated sulfide is rare in carbonated talc schist; instead, sulfides occur either as schlieren parallel to foliation or within veins. Sulfide-bearing carbonate veins are common within the rock. The association of sulfides with secondary carbonates indicates sulfide mineralization during carbonatization of the ultramafic rocks, a feature common to low-grade type 2 deposits (Grguric et al. 2006) .
Geological setting of Trojan Mine
Trojan Mine is the largest nickel producer in Zimbabwe. Mining of this type 1 deposit started in 1968, and production in 2002 was 1.03 Mt/year of ore at an average grade of 0.62 % nickel (C. Makuni, personal communication, 2003) . The Trojan nickel deposit is hosted by the Upper Bulawayan Group metavolcanic rocks within the southern flank of the BinduraShamva greenstone belt (Fig. 3a) . The basal unit of the greenstone succession overlies the Chinamora granitoid gneiss dome along a tectonic contact and is represented by the 2715±15-Ma Iron Mask Formation (Jelsma et al. 1996) , a sequence of calcalkaline rhyodacitic volcanic and volcaniclastic rocks that are intercalated with lenses of banded iron formation, chert, conglomerate, and basalt. The overlying Arcturus Formation hosts Dirks and Sithole 1996) , showing a much more complex geometry for the lobes and stem. SLUC Shangani Layered Ultramafic Complex the Trojan nickel deposit and is a sequence of pillowed and massive tholeiitic basalt, komatiitic basalt, ultramafic schist, and serpentinite. The volcanic rocks are intercalated with thin horizons of banded iron formation, chert, slate, sandstone, and marble. The Arcturus Formation is overlain by siliciclastic metasedimentary rocks of the Shamvaian Supergroup (Hofmann et al. 2002) .
Ultramafic rocks that host the nickel mineralization at Trojan Mine (Fig. 3b) have been interpreted as extrusive komatiitic flows in a consistently N-younging volcanosedimentary sequence (Chimimba 1984; Chimimba and Ncube 1986; Baglow 1992) . Gravity settling within the flows has been described as the dominant means of nickel sulfide concentration with minor remobilization along later shear zones, resulting in localized veins of massive sulfides (Chimimba 1984; Chimimba and Ncube 1986; Maiden et al. 1986 ).
Geology and Ni sulfide mineralization at Trojan Mine

Lithological units and structural-metamorphic history
The lithological units around Trojan Mine form discontinuous blocks with sheared, discordant contacts and sigmoidal outcrop pattern (Fig. 3; Dirks and Jelsma 1998; Jelsma and Dirks 2000) . Table 1 summarizes lithological, mineralogical, and structural features of the rock units. The mineralization is generally associated with cumulate-textured peridotitic to dunitic rocks, altered to serpentinite, that occur as a horizon of partly overlapping lensoidal bodies within a metabasalt sequence (Table 1 ; Fig. 3b ). Near the mine site at Cardiff Hill, several stacked serpentinite lenses are tectonically intercalated with metasedimentary units (Fig. 4a) . Serpentinite is variably carbonated and silicified. The ultramafic rocks are strongly schistose near lithological contacts and within the mineralized zones, but massive, coarse-grained, and cumulate-textured in the center of ultramafic lenses. They have been considered as extrusive flows (Chimimba and Ncube 1986) , and their volcanic origin is supported by the intimate association with metabasalts. However, an intrusive origin as shallow-level sills cannot be discounted.
Layers and lenses composed of a variety of silicified and sulfide-bearing, highly deformed metasedimentary rocks (Table 1) are intercalated with the volcanic rocks. Silicified carbonaceous schist and black chert are confined to the immediate vicinity of ultramafic units (Fig. 4b) . The rocks become less silicic both vertically and laterally away from the ultramafic rocks. A vein network of sulfides (mostly pyrrhotite) is common in silicified metasedimentary rocks.
A detailed description of the structural and metamorphic history of the Trojan Mine area was presented in Dirks and Jelsma (1998) and Jelsma and Dirks (2000) . These authors differentiated three major events that affected the greenstone succession. D 1 resulted in a pervasive schistosity (S 1 ) that trends between 040°and 100°and is steeply dipping toward the NW (Fig. 5a ). The intensity of S 1 is the greatest along an anastomosing network of 1-30-m-wide shear zones hosted by silicified metasedimentary rocks (Fig. 3b) . D 1 shear zones preserve mylonitic features and are associated with a shallowly SW-plunging mineral lineation (L 1 , Fig. 5b ). D 1 was associated with a metamorphic event (M 1 ) at lower amphibolite facies metamorphic grade, with a temperature of ∼500°C and a pressure of 3-4 kbar (Dirks and Jelsma 1998) .
D 2 gave rise to a second foliation (S 2 ) related to the solidstate emplacement of the Chinamora granite gneiss dome south of the mine area (Fig. 2a) . S 2 is a shallow to moderate N-dipping, penetrative schistosity and contains a NEplunging mineral lineation (L 2 , Fig. 5b ). Metamorphism (M 2 ) reached a grade of 565°C and 3.5 kbar at Trojan Mine (Dirks and Jelsma 1998) . Brittle strike-slip faulting during D 3 reactivated D 1 shear zones. Faulting was accompanied by the brecciation of competent units and the infiltration of sulfide and quartz carbonate veins.
Structural setting of the ore bodies and mineralization patterns All nickel ores at Trojan Mine consist of pyrrhotite and pentlandite with lesser amounts of chalcopyrite, pyrite, and, locally, millerite. Disseminated ore (cutoff <0.4 % Ni, average 0.6 % Ni) is pervasive and makes up ∼95 % of the reserves. The remaining 5 % of the reserves are composed of matrix or net-textured ore (30-40 % sulfides, 4 % Ni) and massive ore (60-90 % sulfides, 10 % Ni). The average Ni/Cu ratio is ∼15 (Chimimba 1984) , similar to that in other komatiite-hosted nickel sulfide deposits (Naldrett 2004) .
Ore is concentrated in a number of ultramafic bodies separated by sheared sedimentary units. Ore bodies currently mined include the Main and Hanging Wall ore bodies (Figs. 3b, 6 , and 7). The ore bodies as well as the lenses of ultramafic host rock are elongated. Constructed from mine plans, the average orientations of the long axes of Main, Hanging Wall, and Cardiff South ore bodies parallel one another in a general direction of 320/70 (Fig. 5c) , which is nearly identical to the intersection lineation between the anastomosing S 1 orientations and the primary layering S 0 in the area (Fig. 5d) . In plain view, the Main ore body (MOB) extends about 100-150 m along strike with a maximum width of 60-100 m. It is situated along two anastomosing shear zone branches that outline a broad synformal feature (Fig. 7) , which has previously been interpreted as a footwall embayment (Chimimba 1987) . This shear zone is not a simple planar feature, but consists of a 20-50-m-wide zone of anastomosing branches that envelop lenses of metabasalt, chert, metasediment, and feldspathic schist.
The Hanging Wall ore body is more irregular and has a strike length of about 200 m (Figs. 6 and 7). It is underlain and separated from the Main ore body by a 20-60-m-wide shear zone (Fig. 7) in which lenses of spinifex-textured komatiitic metabasalt, feldspathic schist, and metagabbro are present. In places, the shear zones are entirely situated within the ultramafic rocks and consist of talc-carbonate schist with high proportions of magnetite and thin quartz veinlets. Small lenses (<2 m long) of footwall schist are locally present within the shear zones.
Massive ore occurs near the base of the Main, Hanging Wall, and Cardiff South ore bodies. Matrix ore is present as shoots in the Main and Hanging Wall ore bodies. The contacts between massive, matrix, and disseminated ores are sharp and parallel to the foliation. With the exception of the Footwall 2 ore body, massive and matrix ores are generally restricted to the stratigraphically lower parts of the ultramafic host rock and occur in direct contact with a strongly silicified metasedimentary unit resembling chert. In the Hanging Wall ore body, massive ore is only present in the extreme west where it overlies silicified sedimentary rock. Massive ore is absent in places where the sedimentary horizon pinches out (Figs. 6 and 7). Chimimba and Ncube (1986) reported that the nickel content of disseminated ores gradually decreases from the stratigraphic base to the top of the ultramafic host rocks. However, this is an idealized view as, in general, the Ni-content drops off sharply away from the basal massive and matrix ores. In detail, Ni and MgO concentrations vary greatly across ultramafic lenses and change sharply across shear zones.
Ore environment
Massive ore is represented by banded to massive sulfide intervals conformable with the principal tectonic fabric and in places transgressing primary igneous layering (Fig. 7a) . Lenses of massive ore contain significant proportions (up to 40 %) of footwall metasedimentary lithologies, carbonate, and vein quartz fragments, but no ultramafic host rock fragments. Many footwall rock fragments, including vein quartz, are well-rounded and enveloped by foliated sulfide similar to "durchbewegung" structures (Marshall and Gilligan 1989) indicative of non-coaxial flow. In places, deformed footwall rock fragments with D 1 and D 2 fabric elements become so abundant that massive ore is more aptly described as breccia ore. The margins of both massive and breccia ore shoots typically contain sulfide veins that extend into the adjacent footwall lithologies. These veins are commonly developed along D 3 shear zones.
Massive sulfide ore consists of pyrrhotite with minor chalcopyrite, pyrite, and chromite. Pentlandite occurs as grains and exsolution lamellae in pyrrhotite or as small grains along the boundaries of larger pyrrhotite crystals. Pentlandite grain aggregates are common and are elongated parallel to S 1 and the contact with the wall rock. The proportion of chalcopyrite is the highest in the contact zone with the footwall rock and along the margins of wall rock fragments. The chalcopyrite content also increases in injection veins.
Matrix ore consists of densely disseminated sulfide in an ultramafic host. Pyrrhotite and pentlandite, which are the main sulfide phases, form aggregates that are commonly banded parallel to S 1 . Chalcopyrite occurs in the matrix as small aggregates elongated parallel to S 1 . Pyrite occurs as subhedral grains. Magnetite, chromite, and carbonate are accessory minerals.
Both the massive and matrix ores are foliated. The foliation is defined by preferred orientation of silicate fragments in the sulfide matrix and silicate inclusions within pyrrhotite grains, orientation of pentlandite bands, shape of matrix pyrrhotite grains, and cleavage orientation in matrix pyrrhotite and pentlandite grains. Matrix pyrrhotite is generally granoblastic due to post-kinematic recrystallization.
Disseminated sulfides are intergrown with metamorphic alteration products and are present in talc-carbonate schist, talc-antigorite schist, and massive serpentinite. They frequently occur as elongated matrix grains or grain aggregates oriented parallel to S 1 .
Ore texture
Silicate-sulfide textures and mineralogy in the ore bodies at Trojan Mine generally reflect post-magmatic alteration, mobilization, and recrystallization processes. Most sulfides in the metasedimentary schist do not show features consistent with a primary origin. They commonly form veins parallel to and cutting across foliation planes and occur in pressure shadows of metamorphic minerals or in association with ribbon quartz and quartz veins (Fig. 8) . Primary sulfides in the form of nodules in metasedimentary rocks are rare and form a minor part of total sulfide budget at best. The secondary, crosscutting nature of the sulfides in the metasedimentary rocks is a common feature on the mine scale, as indicated by orientation of massive sulfide veins with respect to foliation and stratification of the footwall rocks (Fig. 7) .
Sulfide grains in the ultramafic rocks show a variety of textures, but unequivocal evidence for unrecrystallized, primary, magmatic sulfide has not been observed. Intergrowth of sulfides with serpentine, talc, tremolite, and chlorite in serpentinized ultramafic rocks is common (Fig. 9a ). Some Schistose horizons parallel to the regional foliation sulfide aggregates in serpentinized dunite occur as crosscutting veins that were apparently formed both before and after the serpentinization process (Fig. 9b, c) . Sulfides that formed prior to the alteration could represent remobilized primary magmatic sulfides. Metadunites with relict cumulate texture are common toward the core of the disseminated ore bodies (Fig. 7) . Magnetite frequently rims olivine, now replaced by serpentine and talc or talc and carbonate, and is commonly intergrown with pyrrhotite and pentlandite. Sulfide-bearing reaction rims along margins of olivine crystals suggest sulfide formation during metamorphic processes (Fig. 9d, e) . Sulfide globules are commonly aligned along fine cracks both within and interstitial to variably replaced olivine grains likely indicating secondary origin for these globules (Fig. 9f) .
Timing of sulfide mobilization relative to deformation
Textural evidence indicates sulfide mobility during each deformation stage. Sulfur mobility during the initial serpentinization process is indicated by the intergrowth of sulfides and unoriented laths of metamorphic talc, tremolite, and antigorite in serpentinite (Fig. 9a ). Metamorphism and serpentinization coincided with the development of the penetrative regional foliation and network of shear zones during D 1 , and many nickel sulfide crystals in disseminated and massive ores are aligned parallel to S 1 . In metasedimentary schist, it is common to find sulfide patches parallel to S 1 , such as in asymmetric pressure shadows around porphyroclasts and porphyroblasts (Fig. 8b) . During progressive folding of the schist, massive sulfide veins formed parallel to axial planes. Garnet-bearing schist contains unoriented hornblende patches that are intergrown with sulfides, reflecting sulfide mobility during D 2 /M 2 . Similar relationships exist between sulfides and unoriented antigorite replacing metamorphic olivine (Chimimba 1987) . Most deformation textures in massive and matrix ores appear to post-date D 2 , considering that blocks of strongly foliated and folded footwall rock fragments and fragments of garnet-bearing schist containing unoriented M 2 minerals are common within the massive ores. In addition, invasion of sulfide into metasandstone is controlled by D 3 brittle-ductile faults.
Analytical procedures
We analyzed major and trace element contents of selected samples. Fresh-rock samples were reduced with jaw crusher into small chips. Vein-free chips were handpicked, ultrasonically cleaned, and pulverized using an agate mill. Major element concentrations were measured by X-ray fluorescence spectrometry (Philips X'Unique XRFS) on glass tablets at the School of Geological Sciences, University of KwaZulu-Natal (UKZN). Accuracy for major elements was checked against international standard NIM-G and was found to be better than 3 %.
Trace elements were measured using a Perkin-Elmer Elan 6100 inductively coupled plasma mass spectrometry (ICP-MS), also at the School of Geological Sciences (UKZN), calibrated against primary standard solutions, and validated with certified standard rock materials. Fifty milligrams of sample was dissolved in HF-HNO 3 in an Anton-Paar Multiwave high-pressure and temperature microwave digester with 40-min digestion time and evaporated to dryness in Teflon beakers before being taken up in 5 % HNO 3 for analysis. The final solution was topped up to 50 ml for Chimimba 1984) . MOB Main ore body, HWOB Hanging Wall ore body, CSOB Cardiff South ore body, FW2OB Footwall no. 2 ore body, CEOB Cardiff East ore body, CFEOB Cardiff Far East ore body. Note that the distribution of the CSOB and the FW2OB along an inferred fold structure (Chimimba 1984) is inconsistent with younging directions to the east as well as subsequent mapping (Fig. 3b ) Fig. 7 Geological plan of the 23/2 (a) and 25/3 (b) levels. MOB Main ore body, HWOB Hanging Wall ore body analysis. Internal standards (10 ppb Rh, In, Re, and Bi) and calibration solutions were prepared from certified single and multi-element standard solutions. Quality of data was monitored using the international standards BCR-1, BHVO-1, and BIR-1. For this analysis, precision was better than 5 % except for Sc, V, and Sr (better than 7 %), on the basis of four repeat analysis of BCR-1. Accuracy was better than 15 % for most elements except for V, Ni, and Cu (better than 25 %) and Cr and Zn (better than 35 %). Lower limit of detection was typically well below 0.1 ppm for rare earth elements and below 1 ppm for all other elements except for Cu (below 2.5 ppm) and Zn (below 3.7 ppm). One sample (ZTR-1) was analyzed using a Fisons PQ2+ ICP-MS at the University of Queensland, Australia (see Bolhar et al. 2005 for analytical methods and details on accuracy and precision).
Sulfur isotope ratios were determined at the Geophysical Laboratory, using technique described by Hu et al. (2003) and under the same analytical conditions as described in Hofmann et al. (2009) . The sulfur isotope compositions are reported with respect to VCDT. The intralaboratory precision for δ 34 S, δ 33 S, and Δ 33 S values based on multiple S isotope analysis of CDT material and internal laboratory standards (Maine Light and Alpha Aesar pyrite) is better than 0.34, 0.19, and 0.03 ‰, respectively. Iron isotope and chemical analyses of sulfides were performed on the same aliquots of mineral separates that were used for S-isotope work. Sulfides were digested in Teflon beakers using concentrated HCl and HNO 3 acid mixture and dry residue obtained after evaporation was then dissolved in 6 N HCl. A fraction of the solution was diluted for S, Fe, Cu, Ni, and Zn chemical analyses using high-resolution ICP-MS or ICPatomic emission spectroscopy at the Pole Spectrometrie Ocean (PSO, Brest, France). For each element, instrument sensitivity was calibrated using matrix-matched standard solutions corresponding to synthetic sulfide matrices. The detection limit was better than 0.01 wt.%, and analytical precision was estimated at ∼2 %. Iron isotope ratios were measured on the Neptune multi-collector inductively coupled plasma mass-spectrometer (MC-ICP-MS, Thermo Fisher Scientific; Waltham, MA, USA) operated at the PSO (Brest, France) following previously published methods (Rouxel et al. 2005 . The MC-ICP-MS was operated in a medium-resolution mode, and we used Ni as an internal standard for mass bias correction. Fe isotope values are reported relative to the international isotopic standard IRMM-14 using the conventional delta notations. Several georeference materials, including banded iron formation (IF-G) and Hawaiian Basalt (BHVO-1) standards, were also measured and results were similar to previously reported values (Dauphas and Rouxel 2006) . Based on duplicate chemical purifications and isotope analyses, the long-term external reproducibility is 0.08 ‰ for δ 56 Fe and 0.11 ‰ for δ 57 Fe values (2 standard deviations). Ni isotopes were measured by MC-ICP-MS (PSO, Brest, France) using a double-spike method for correction of the instrumental mass bias. The experimental and analytical methods are described in Gueguen et al. (2013) . Samples were digested in double-distilled, concentrated HCl and HNO 3 . Ni was purified with a two-step column separation procedure using AG1-X8 anionic resin for removal of most Fe, Cu, and Zn and a specific resin for Ni (manufactured by Eichrom) for elution of remaining matrix elements. Prior to loading samples on Ni-spec resin, a known amount of double-spike solution containing 61 Ni and 62 Ni isotopes was added to the samples.
60
Ni/ 58 Ni ratios are reported in conventional delta notation using the NIST SRM 986 international standard. Pure NIST SRM 986 standard solution was also analyzed during each MC-ICP-MS session in a standard-sample-bracketing manner in order to monitor the external error. The error associated with Ni isotope analyses is 0.02 ‰ (2 standard error). It was calculated from the data for 50 measurement cycles performed on each sample during MC-ICP-MS analysis. The doublespike correction method is based on iterative calculations using three isotopic ratios ( 60 Ni/ 58 Ni, 61 Ni/ 58 Ni, and 62 Ni/ 58 Ni) as previously described by Siebert et al. (2001) for Mo isotopes. We estimate that this number of measurement cycles is necessary in order to calculate a satisfactory error on samples. 
Geochemistry of metasedimentary horizons at Trojan Mine
Variably silicified and carbonaceous metasedimentary units were analyzed for their major and trace element contents. These include nine samples of fine-grained siliciclastic rock, representing metamorphosed shale and siltstone, and two samples of metachert. Some samples are from surface exposures, while others were collected from the drillcore 35-1-20 that intersected the MOB and the footwall on the 35th level. For this aspect of our study, samples of metasedimentary rocks with sulfide mineralization were avoided as the focus was on the composition of the siliciclastic material of the rocks. Results of major and selected trace element analyses are presented in Table 2 .
Excluding two chert samples, selected element concentrations for the average composition of the samples of siliciclastic metasedimentary rocks normalized to PAAS (post-Archean average Australian shale, Taylor and McLennan 1985) are plotted in Fig. 10 . Most elements have concentrations lower than PAAS, possibly due to silicification resulting in apparent element depletion due to silica dilution, as SiO 2 content has a large range with values as high as 82 %. Compared to PAAS (Fig. 10) High-field-strength element ratios show a moderate range of variation (Nb/Ta=9-14.4; Zr/Hf=38-42; Th/U=1.1-6.3), which possibly suggests contributions from compositionally different sources, but they are generally close to the chondritic values, suggesting no significant fractionation as a result of metasomatic or hydrothermal processes during silicification (Bau 1996) . ΣREE contents range widely from 46 to 430 ppm and are on average higher than that for PAAS (Fig. 10 ). There is a moderate positive correlation with P 2 O 5 content (R 2 =0.58), suggesting a possible control by detrital minerals such as monazite. All samples show LREE enrichment (average La N /Sm N =3.81; Fig. 11 ), while the HREE are relatively unfractionated (average Gd N /Yb N =1.36). Both negative and positive Eu anomalies (Eu/Eu*=0.64-1.99) are present in the sample set.
Useful and widely employed proxies for the bulk composition of the provenance are the Cr/Th and Th/Sc ratios (Condie and Wronkiewicz 1990; McLennan and Taylor 1991) . The average Cr/Th ratio of 14.6 and Th/Sc ratio of 0.6 for the siliciclastic metasediments in our study suggest a source of intermediate to felsic composition. A comparison with geochemical data (Tomschi 1987; Jelsma 1993) for rhyodacite of the Iron Mask Formation and basalt of the Arcturus Formation, both in terms of REE systematics and Cr/Th ratios (Figs. 11 and  12 ), suggests that a major proportion of the clastic material was derived from a source that may have had a composition intermediate between the two end members. However, this source is unlikely to represent a simple mix of the two lithologies as a result of erosion. An intermediate to felsic volcanic source is also indicated by a large proportion of felsic volcanic detritus in metasandstone intercalated with the metashale. However, difference in composition between the metasedimentary rocks and rhyodacite of the Iron Mask Formation (e.g., the latter have strongly fractionated HREE, see Fig. 11 ) makes it unlikely that felsic material was simply derived from erosion of stratigraphically underlying rocks. Instead, synsedimentary volcanism providing pyroclastic material of intermediate to felsic volcanic composition seems more likely. Contemporary mafic and felsic volcanism has been reported from several greenstone belts that host Ni sulfide deposits (Barrie 1999; Trofimovs et al. 2004) .
The chert samples consist predominantly of SiO 2 and Fe 2 O 3 and likely represent either exhalites precipitated at the seafloor or replacement products of siliciclastic sediments. Replacement may have taken place near the sediment-water interface shortly after deposition during hydrothermal activity and silicification, or during later episodes of hydrothermal alteration. Trace element ratios and REE patterns of the cherts are very similar to those of the clastic rocks, suggesting that they do contain minor amounts of compositionally similar detrital material.
Multiple S, Fe, and Ni isotope systematics
A recent study of several komatiite-hosted Ni deposits from Western Australia (Yilgarn craton) and Canada (Abitibi greenstone belt, superior craton) using multiple isotopes of sulfur (Δ 33 S, δ 34 S) and iron isotopes (δ 56 Fe) has confirmed previous inferences that S is predominantly derived from crustal sources Hiebert et al. 2012) . A sedimentary source was also indicated for some Archean NiCu-(PGE) sulfide deposits in mafic-ultramafic intrusions of Botswana (Fiorentini et al. 2012) and Finland (Konnunaho et al. 2013 ). Mass-independent fractionation (MIF) of S isotopes is defined by non-zero Δ (Johnson et al. 2008; Planavsky et al. 2012) . Bekker et al. (2009) reported iron isotope composition of Archean komatiite-hosted Ni sulfides of the Yilgarn and Superior cratons to be close to 0 ‰, suggesting a predominantly magmatic source of iron in the sulfides.
To date, Ni stable isotope studies were mainly applied to cosmochemical processes (Moynier et al. 2007; Cook et al. 2008) , with only few studies (Cameron et al. 2009; Tanimizu and Hirata 2006) dealing with Ni isotope systematics of terrestrial rocks. Recently, Gueguen et al. (2013) Ni values of komatiite-hosted Ni-rich sulfides from the Agnew-Wiluna greenstone belt in Western Australia and the Abitibi greenstone belt in Canada vary from −0.10 to −1.03±0.03 ‰, which indicates significant abiotic fractionations at high temperature in magmatic systems (Gueguen et al. 2013) .
Sulfide mineral separates of selected samples were subjected to multiple S, Fe, and Ni isotope analyses. We separated sulfides from 11 samples from drillcore 35-1-20. Samples include sediment-hosted sulfide and sulfide from massive, net-textured, and disseminated ore (Table 3) . Sulfides show δ 34 S values from −0.1 to 4.1 ‰ (Fig. 13a) Iron isotope values of ore sulfides (Fig. 14) show a narrow range of δ
56
Fe values from −0.28 to 0.07 ‰ with the average of −0.11 ‰, which is slightly lower than that for Eoarchean peridotites (Dauphas et al. 2009 ) and fertile upper-mantle derived from measurements of modern peridotites (Weyer and Ionov 2007) Rouxel et al. 2005) .
Nickel isotope values of massive and net-textured ore samples from Trojan Mine display a restricted range of negative δ
60/58
Ni values from −0.23 to −0.43 ‰ (Table 3) with the average value of −0.38 ‰ within the range of, albeit less variable than, values for komatiite-hosted Ni sulfides reported by Gueguen et al. (2013) .
Shangani Mine
We separated sulfides from nine samples of hand specimens and the drillcore 855/50W/2. Samples include sulfides from massive and net-textured ore from the Main ore body, disseminated sulfides, mainly present in carbonate veins in talcose serpentinite from the Main ore body, and pyrite nodules from carbonaceous shale associated with the Far West ore body (Table 3) (Fig. 13a) , while δ
56
Fe values show systematic enrichment in light isotope and are as low as −1.4 ‰ (Fig. 14) . Disseminated sulfides in carbonate veins in talcose serpentinite as well as samples of net-textured ore have δ Ni value of −0.47 ‰, which is similar to that for ore samples from Trojan Mine.
Discussion
When considering the genesis of the Trojan and Shangani nickel deposits, it is important to differentiate between primary magmatic and secondary metamorphic-hydrothermal processes. Previously, the preferred model for the Trojan and Shangani deposits has been one in which gravity settling of sulfides in ultramafic flows resulted in nickel concentration toward the footwall of the flows, with massive sulfides forming in depressions. It was thought that the effect of structural-metamorphic processes during subsequent events was limited to minor remobilization (Chimimba and Ncube 1986) . Considering the complex deformation and alteration experienced by the rocks in the Trojan and Shangani mine areas, it is necessary to explore to what extent other processes may have affected the distribution and grade of Ni sulfide mineralization. Although both deposits share a similar geological history, we focus our discussion on Trojan Mine for which more data are currently available.
Gravity settling of sulfide melt vs. secondary hydrothermal processes
According to Chimimba (1984) , the main observations supporting a magmatic origin of the sulfides include the presence of intercumulus sulfides in matrix ore, the basal position of Py pyrite, Ccp chalcopyrite, Po pyrrhotite, Pn pentlandite massive and matrix ore, and the ordered sequence of massive, matrix, and disseminated ore upward from the footwall of the mineralized serpentinite bodies. However, the following observations argue against a simple gravity-settling model:
1. Although whole-rock Ni-content profiles in disseminated ore are gradual (Chimimba and Ncube 1986) , sudden changes in Ni sulfide content can be present between the different ore zones and may testify to tectonic disturbance, as shear zones have been observed at the contact between the disseminated ore and the underlying more massive ore. In fact, when disseminated ore overlies a massive sulfide layer, a barren, 2-3-m-wide zone is usually developed (Chimimba and Ncube 1986) . 2. The Ni content in most of the ore bodies increases from the stratigraphic top to the bottom. The conspicuous exception to this rule is the Footwall no. 2 ore body (FW2OB) immediately north of the summit of Cardiff Hill (Fig. 3b) . This ore body, which was mined to the third level before it became erratic, occurs in the hanging wall of an ultramafic lens. Its position has been explained by a synclinal fold that overturned the stratigraphy around the ore body (see Fig. 6 ), but the existence of this fold structure conflicts with an apparent lack of younging reversals to the east of the fold (Fig. 6) . Consequently, the nickel sulfide enrichment of the FW2OB cannot be attributed to simple orthomagmatic processes. 3. The distribution of disseminated ore of the MOB is irregular and cuts through lithological contacts (Fig. 7a ).
The deformation textures observed in schist horizons
indicate high strain. Consequently, the current arrangement of lithologies bears little resemblance to the original stratigraphy, and existing geometries cannot be unequivocally used to infer "depressions" responsible for the distribution of massive ore. 5. Fleet and Pan (1994) pointed out that Ni and Cu contents and their ratios in massive and disseminated ores at Trojan and Shangani mines are inconsistent with segregation of an immiscible sulfide liquid and may instead be related to subsolidus sulfide-silicate alteration reactions. 6. Although sulfides are recorded in interstitial position in matrix ore, a relation generally interpreted as primary magmatic, these sulfides are intergrown with metamorphic silicates (Fig. 9a) . This means that such textures are not genuinely primary, but at least underwent modification during metamorphism. 7. Metasedimentary schists represent volcaniclastic deposits of intermediate to felsic composition that have been affected by synsedimentary hydrothermal processes resulting in base-metal enrichment as well as by metasomatic processes including silicification and albitization. They are more silicious and carbonaceous adjacent to mineralized ultramafic units in comparison with those associated with metabasalt. Silica is mobile during serpentinization of ultramafic rocks (e.g., Frost and Beard 2007) and may have migrated from the ultramafic rocks into the adjacent sedimentary horizons upon shearing. Massive and near-massive nickel sulfide ore bodies only occur in direct contact with chert and silicified, carbonaceous metasedimentary schist enriched in sulfide. The content of sulfide and carbonaceous matter are commonly correlated in organic matter-rich shales (e.g., Morse and Berner 1995) , which might explain why economic mineralization in ultramafic bodies is present only in the vicinity of highly sulfidic and carbonaceous shales. This could indicate that ore bodies developed only in the vicinity of black sulfidic shales due to crustal assimilation. Alternatively, it is conceivable that sulfur, derived from the breakdown reaction of pyrite into pyrrhotite in carbonaceous shale at lower-amphibolite facies conditions (Craig and Vokes 1993; Tomkins 2010) , may have entered the ultramafic rocks with hydrothermal fluids channeled along shear zones bounding the ultramafic bodies. This process would also require Ni liberation from the ultramafic rocks during serpentinization and their subsequent migration into ore horizons.
Structural vs. stratigraphic controls on ore body geometry
The complicated intercalation of basalt, ultramafic rocks, and metasedimentary units is not an original volcano-sedimentary stratigraphy. Many lithological contacts in the area are strongly sheared. In addition, the siliceous schists are not primary chemical sedimentary deposits but strongly silicified and sheared metasedimentary rocks.
An important indication that structural-metamorphic processes played a role in the mobilization of the nickel ore deposit at Trojan Mine is the linear nature of the ore bodies and lensoidal geometry of ultramafic host rocks parallel to the S 0 /S 1 intersection lineation (Fig. 5d) . A similar relationship exists at Shangani Mine (Dirks and Sithole 1996) and has also been described from other deposits in Western Australia (e.g., Barrett et al. 1977; Gresham and Loftus-Hills 1981) . To explain this alignment, it has been suggested that the linear nature of ore bodies reflects the shape of volcanic flow channels and that massive sulfide deposits are responsible for strength heterogeneity in the crust localizing strain (e.g., Gresham and LoftusHills 1981) . Although such linear flow channels may have existed, it appears highly unlikely that they are, almost as a rule, parallel to the orientation of peak-metamorphic linear deformation features of regional significance. Regarding Trojan Mine, this means that the intersection lineation, which is identical in a large area around the mine, cannot possibly be dictated by relatively small linear bodies that occur within the sequence, and it is much more likely that the linear nature of the ore bodies and the host ultramafic rocks resulted from regional tectonics. An alternative suggestion that ore bodies may have rotated to be parallel with the regional strain (e.g., Lacroix and Darling 1991) is also unlikely. First, to attain the near perfect alignment, very high penetrative strain is required, yet not recorded. Second, high strain would align the ore bodies with the direction of maximum elongation (L 1 ), which in the Trojan Mine area is plunging shallowly to the SW (Fig. 5b ), yet the ore bodies dip steeply NW parallel to the S 0 -S 1 intersection lineation (Fig. 5c ). For these reasons, it is compelling that the linear nature of the ore bodies and their host rocks has a structuralmetamorphic origin.
Hydrothermal control on sulfide mineralization at Trojan Mine
The area around Trojan Mine has been strongly deformed during several phases of deformation. Extensive metamorphic reworking of the ultramafic rocks has likely taken place. It is possible that reworking was associated with remobilization of Ni and S, resulting in a hydrothermal control over ore formation. Faults represent zones of high permeability and act as conduits for hydrothermal fluids. There is abundant evidence for hydrothermal activity within the metasedimentary units that were preferentially affected by shearing. Deformation increased permeability of massive ultramafic bodies and may have allowed a pervasive hydrothermal fluid circulation, intense water-rock interaction, and enhanced serpentinization. In contrast to Cr, Ni in ultramafic rocks can be mobile during hydrothermal alteration, such as silicification (Hofmann and Harris 2008) , and is liberated from olivine during serpentinization (e.g., Eckstrand 1975; Donaldson 1981) . Sulfur could have been sourced from pyrite breakdown in sulfidic shales, entered altered volcanic rocks along shear zones, and preferentially scavenged siderophile elements, such as Ni and Fe. Ore shoots developed along structural features controlled by thrusting of the greenstone sequences, coaxial to the σ 3 direction characterized by a pervasive regional mineral lineation. During subsequent deformation and metamorphic events related to gneiss doming and strike-slip shearing, ore bodies were rotated and reoriented. Locally, massive sulfide ore bodies were extensively reworked, resulting in injection veins into footwall rocks and brecciated ores.
The problem with a hydrothermal-metamorphic origin for nickel sulfide mineralization is the role of primary sulfides in ultramafic rocks. Were primary disseminated sulfides present in the ultramafic rocks and were subsequently upgraded and remobilized by hydrothermal and metamorphic processes? Did disseminated sulfides form by secondary, hydrothermal, and metamorphic processes? Did a combination of these processes take place? Multiple sulfur and iron isotope data help to differentiate between igneous and sedimentary sulfur sources as well as low-and hightemperature processes ). We therefore further explore below the question whether these proxies, in combination with Ni isotopes, can help to differentiate between a hydrothermal-metamorphic and orthomagmatic control on Ni sulfide mineralization.
Constraints from multiple S, Fe, and Ni isotope analyses
We consider that the distinct MIF signal of samples from Trojan Mine (Fig. 13) S values. Alternatively, it might suggest crustal assimilation and subsequent sulfur isotope homogenization in a large crustally derived sulfur reservoir, removing mass-independent fractionation of sulfur isotopes unique to a particular lithology (Fiorentini et al. 2012) . In contrast, the S isotope values of sulfides in veins in talcose serpentinite and in net-textured ore appear to lie on a mixing line between magmatic and sedimentary end-members, suggesting a contribution of both.
The small range of iron isotope values in ore sulfides from Trojan Mine suggests that, in contrast to sulfur, most of iron could have been derived from magmatic sources (cf. Hiebert et al. 2013) . As recently discussed by Craddock and Dauphas (2011) , ultramafic and mafic rocks have an iron isotopic composition similar to that in chondrites (−0.01±0.01 ‰) and different from that in more evolved and differentiated rocks. Hence, our results suggest Fe isotope fractionation of less than 0.2 ‰ between Ni sulfides and silicates by high-temperature magmatic processes, which is consistent with previous studies (Schuessler et al. 2007) . Fe isotope data for secondary sulfides in the metashales and metagraywackes cluster at −1.45 ‰ (Fig. 14) suggesting that they were derived from either sedimentary or hydrothermal sulfides remobilized on the scale of their hosting units during deformation and metamorphism. Although negative δ
56
Fe values in sedimentary pyrite have been previously interpreted as reflecting microbial Fe reduction (e.g., Archer and Vance 2006; Severmann et al. 2008) , it is now widely accepted that abiotic Fe sulfide precipitation in aqueous systems, both in sedimentary and hydrothermal settings, produces Fe isotope fractionations of up to ∼1.5 ‰, with light Fe isotopes being enriched in Fe sulfide relative to Fe 2+ aq (Butler et al. 2005; Polyakov et al. 2007; Rouxel et al. 2008; Bennett et al. 2009; Guilbaud et al. 2011) .
In contrast, the negative Fe isotope values as low as −1.4 ‰ for pyrite nodules from shales in the Shangani Mine area are likely to reflect low-temperature fractionation processes during sulfide formation during early diagenesis. Although hydrothermal fluid circulation may also produce isotopically light pyrite Fe values of around 0.25 ‰. Although we currently lack experimental constraints, such difference can be explained by the different mineralogy of the ore deposits. The Shangani Mine ore samples investigated in this study are essentially composed of chalcopyrite, while only pyrrhotite-pentlandite assemblages were analyzed from Trojan Mine. As discussed by Rouxel et al. (2008) Fe values between −0.10 and 0.04 ‰ with the exception of two outliers with −0.75 and 0.58 ‰ values. The narrow range can be explained by iron isotope fractionation between sulfides and silicates in a magmatic system, while the two outliers might reflect composition of sulfide xenomelt formed by assimilation of crustal lithologies that was not completely homogenized with the magma. However, there is no correlation between the values of MIF of S isotopes and Fe isotope values as would be expected if both Fe and S were derived from crustal (sedimentary) source. In modern seafloor-basalt weathering environments, hydrothermal alteration may release iron with negative iron isotope values, leaving altered rocks enriched in heavy isotopes (Rouxel et al. 2003) . Hence, Fe mobility during hydrothermal alteration might be responsible for these two outliers having both negative and positive δ 56 Fe values. In addition, there is also negative iron isotope fractionation during precipitation of sulfides from cooling hydrothermal fluids (e.g., Rouxel et al. 2005) . These two processes can explain the highly negative iron isotope value in the talcose serpentinite. The positive iron isotope value in the net-textured serpentinite might reflect final stages in Rayleigh distillation by either sulfide precipitation from hydrothermal fluids or iron leaching from ultramafic rocks. Resolution between these two alternatives requires further detailed study, which is beyond the scope of this paper.
Whole-rock Ni concentrations in sedimentary rocks are typically much lower than in mantle-derived ultramafic rocks, which are the likely source for Ni in magmatic sulfides. Ni isotope composition of pyrrhotite-pentlandite ore revealed systematic enrichment in light isotopes to values as low as −0.47 ‰ relative to their ultramafic magma source for which we assumed Ni isotopic composition to be close to the Bulk Silicate Earth value of 0.05±0.05 ‰ (Gueguen et al. 2013 ). δ 60/58 Ni values for both the Trojan and Shangani mines Ni ores form a narrow range from −0.47 to −0.28 ‰, which clearly indicates a unique mechanism responsible for this light isotope enrichment. For instance, for the Trojan Mine deposit, the average δ
60/58
Ni value is −0.38 ‰ (n=5), which is consistent with the negative fractionation of −0.3 ‰ between metal and silicate phases obtained by Huh et al. (2009) . These authors suggested that Ni isotope fractionation between these two phases was due to nucleation, growth, and annealing mechanisms in the experimental setup, leading to significant fractionation of Ni isotopes at high temperature. These negative values contrast with the strictly positive Ni isotope composition measured in modern marine metalliferous sediments, such as ferromanganese crusts and manganese nodules, which varies from + 0.36 to +1.80 ‰ (Gueguen et al. 2013) , arguing further against a sedimentary source of Ni in komatiites, in contrast to S. Although at this stage it is difficult to establish the exact cause of Ni isotope fractionation in magmatic sulfides due to limited experimental and theoretical studies of this new isotopic system, the data provide interesting information on Ni isotope behavior under high-temperature conditions. Specifically, they suggest that there is significant fractionation of Ni isotopes, even higher than that for Fe isotopes, and that Ni sulfide (or sulfide melt) formation produces systematic enrichment in light Ni isotopes with respect to the composition of silicate melt.
Can multiple S and Fe isotope data constrain the origin of Ni sulfide mineralization at Trojan and Shangani mines?
The presence of mass-independent fractionation of multiple sulfur isotopes in Archean komatiite-hosted Ni sulfide deposits implies that the sulfur was previously processed through the atmosphere and then accumulated on the ocean floor prior to incorporation into the ultramafic magmas. Several Archean komatiite-hosted Ni-sulfide deposits show mass-independent sulfur isotope fractionation, suggesting incorporation of sulfur from seafloor hydrothermal sulfide accumulations or sulfidic shales Fiorentini et al. 2012; Hiebert et al. 2013; Konnunaho et al. 2013) . Nickel sulfides of the Kambalda deposit show only mass-dependent fractionation of sulfur isotopes, which has been explained by either a magmatic sulfur source or assimilation of multiple crustal sulfur sources, mixing with mantle-derived sulfur and sulfur homogenization removing a mass-independent signal ). On the scale of a single ore body, assimilation of sedimentary or seafloor, hydrothermal sulfides by thermal erosion in a lava channel and mixing with magmatic sulfur in the turbulent flow, followed by gravitational settling of sulfides upon lava ponding should lead to a relatively homogeneous isotopic composition of sulfides. In contrast, sulfidization with sulfur derived from sedimentary sources via hydrothermal fluid circulation should result in a more heterogeneous sulfur isotope composition of Ni sulfides with sulfides in and close to shear zones (fluid conduits) and sedimentary units having values reflecting a postmagmatic source of S derived from the hosting sedimentary succession. Similarly, iron and nickel isotope values can be used to test between the orthomagmatic and hydrothermal models. If Ni sulfides formed in an isotopic equilibrium with silicate melt in a high-temperature magmatic system, iron and nickel isotope values of unaltered olivine and sulfide should reflect limited fractionation under high-temperature conditions and the mantle source of metals. Alternatively, if hydrothermal processes led to formation of Ni sulfides, they will not be in high-temperature equilibrium with adjacent silicates and will likely show a larger range of iron and nickel isotope values depending on pathways and kinetics of sulfide precipitation S values strongly suggest that the precursor sulfides in the sediment were predominantly derived from photochemically processed elemental sulfur. At both mines, all ore samples that show mass-independent fractionation have positive Δ
33
S values, again suggesting that the bulk of the sulfur was derived from disseminated pyrite that did not form by reduction of seawater sulfate. This is unlike some other Neoarchean komatiite-hosted Ni-sulfide deposits that have negative Δ
S values indicating that they may have assimilated sulfur from distal, barren volcanogenic massive sulfides (e.g., Bekker et al. 2009 ). The latter sulfides formed by seawater circulation through hydrothermal systems and seawater sulfate reduction and commonly carry near to zero or small negative Δ 33 S values (Farquhar and Wing 2005; Ueno et al. 2008; Bekker et al. 2009; Jamieson et al. 2013) .
At Shangani Mine, massive ore shows mass-dependent fractionation of sulfur isotopes, which is most easily attributed to a predominantly magmatic sulfur source. Alternatively, assimilation and subsequent sulfur isotope homogenization in a large crustally derived sulfur reservoir, erasing mass-independent fractionation of sulfur isotopes, might be responsible for this signal. Adding support to the former interpretation, disseminated sulfides in talcose serpentinite record evidence for massindependent fractionation and plot along a mixing line between sedimentary and massive sulfides (Fig. 13b) . It is plausible that the sulfur in the disseminated ore may represent a mixture of hydrothermally remobilized magmatic and sedimentary sulfur. Net-textured ore differs from disseminated ore only in slightly lower δ 34 S values, possibly due to mass-dependent equilibrium fractionation among sulfide minerals in the ore. Iron isotope values of Ni sulfides show a narrow range consistent with their predominantly magmatic iron source with the exception of two samples from talcose serpentinite that were likely strongly affected by Fe remobilization during hydrothermal activity.
At Trojan Mine, ore sulfides show a restricted range of positive Δ 33 S values, inconsistent with a hydrothermal control over sulfide mineralization. Sulfides in metasediments, albeit secondary in origin, have slightly lower but still positive Δ 33 S values, which could indicate that most, if not all, of the sulfur in the ore body was derived from a sedimentary rather than a magmatic source. Net-textured and disseminated ores and metasedimentary rocks lie on a distinct trend on the Δ 33 S vs. δ 34 S diagram (see Fig. 13a ), indicating that during komatiite emplacement and assimilation of crustal sulfur to reach sulfur saturation sulfur isotope systematics of crustal source was inherited with little modification (cf. Hiebert et al. 2013 ). However, subsequent hydrothermal processes may have led to exchange between adjacent metasediments and Ni sulfide in komatiite. As a result of this exchange, S, Ni, and possibly other chalcophile elements (e.g., Cu) were added to the metasediments, and in other cases, sedimentary sulfur was introduced to komatiite. Iron isotope values of Ni sulfides from Trojan Mine have a narrow range suggesting that the iron inventory in komatiite is predominantly of mantle derivation.
Conclusions
A combination of petrological, geochemical, and structural data for the komatiite-hosted Trojan and Shangani Ni deposits in Zimbabwe indicates a complex geological history of oreforming processes. Both deposits are associated with mineralized serpentinite bodies that occur in direct contact with sulfidic metasedimentary units. Multiple episodes of deformation and metamorphism have obliterated primary contact relationships and have modified ore mineralogy. Lithological contacts have been sheared, sulfide minerals have been remobilized, and ore bodies have been reoriented, inconsistent with the previously proposed model of simple, orthomagmatic nickel sulfide mineralization. We have, however, shown that the combination of multiple S, Fe, and Ni isotope data provides a "see-through" proxy to test whether magmatic or metamorphic-hydrothermal processes played a major role in ore genesis. For the Zimbabwean Ni sulfide deposits described herein, which are generally of low grade (0.5-0.6 % Ni), a magmatic origin with subsequent hydrothermal reworking is indicated. While massive nickel sulfides at the Shangani Mine deposit could have formed via high-temperature magmatic processes without the addition of sedimentary sulfur, assimilation of crustal sulfur was critical for the origin of net-textured and disseminated ore mineralization at Trojan Mine. The net-textured and disseminated ore mineralization at Shangani Mine could have been formed by post-magmatic hydrothermal processes with sulfur derived from a mixture of magmatic and sedimentary sources. This study indicates that the post-magmatic geological history of komatiite-hosted nickel sulfide deposits should not be discounted in genetic models for mineralization and that metamorphic and hydrothermal processes could be a controlling factor in the formation and upgrading of low-grade nickel sulfide deposits in terrains strongly affected by tectonometamorphic overprints.
